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Recap from Monday

Qubits
Quantum Gates
Quantum Circuits
Qubit Technologies

2

Outline for the lectures
• Lecture 1: Fundamentals
• A brief history, qubits, quantum circuits, qubit technologies
• Lecture 2: Quantum computers and quantum algorithms
• Quantum computers today, quantum algorithms, error correction,
quantum advantage
• Lecture 3: Applications of quantum computing in HEP
• Applications of quantum computing to HEP: simulation, reconstruction
and physics analysis; including quantum machine learning
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Further Reading
• Online resources
• Scott Aaronson's blog
• Umesh Varizani's introductory course, graduate
• John Preskill's graduate course, lecture notes, youtube playlist
• Books
• Nielsen and Chuang (very complete)
• Stolze, Suter (introductory, physics oriented)
• Aaronson (popular)
• Wilde (graduate level)
• Watrous (mathematical)
• Kitaev, Shen and Vyalyi (advanced)
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Day 2 Outline
• Quantum computers today
• Quantum Algorithms (Review article)
• Quantum Fourier transform
• Shor’s Factoring Algorithm
• Quantum Search (Grover)
• Quantum Programming Languages
• Quantum Error Correction
• Quantum Simulation
• Quantum Advantage

A lightening-fast overview of a range of topics
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Quantum Computers Today
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Quantum Computers Today
Noisy Intermediate-Scale Quantum (NISQ) Era
IBM
Quantum
Hummingbir
d (65 qubits)

D Wave
Avantage
5000+
qubits

Credit: Connie Zhou for IBM
Image Credit: DWave

Google
Sycamore
53 qubits
USTC Jiuzhang

Forest Stearns, Google AI Quantum Artist in
Residence
Erik Lucero, Research Scientist and Lead
Production Quantum Hardware
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Current Quantum Computers
>193 quantum computing startups worldwide
Circuit-based Quantum Computers

Quantum Annealers

Quantum processors on wikipedia
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Google Sycamore and IBM
• IBM and Google use transmon superconducting
qubits
• Sycamore has a 2D array of 54 transmon qubits
(53 functional)
• Each qubit is coupled to four other qubits
• Aluminium for metallization and Josephson
junctions; indium for bump-bonds between
two silicon wafers
• Operates at 20mK in a dilution refrigerator
• More recent chip from IBM is Hummingbird
with 65 qubits
• “features 8:1 readout”
• IBM has stated that they plan to double the
number of qubits available each year
• And all are named after birds

Image
Credit
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USTC Jiuzhang suanshu
• Optical quantum computer (photons)
• Light sources; beam splitters; mirrors, 100 photon detectors
• Use repeated splitting and merging to obtain interference
• Custom-built (non-programmable) quantum computer designed to
demonstrate quantum advantage
• Programmable photonic computer (8 qubits) from Xanadu

Image Credit

Image Credit

More about Trapped Ion Computers
• Qubits: Ground and excited state or two ground state hyperfine levels (laser
cooled to reduce noise)
• Initialization: Optical pumping with a laser (fidelity > 99.9%)
• Single qubit operations: Drive atomic states with resonant optical or
microwave fields/Raman transition
• Two qubit operations: Charge interaction between trapped ions
• Excite on ion to oscillate and induce the second to move
• Carefully tune the field frequency to push the ions only if the qubit is in a
specific state
• Maintain coherent excited motion
• Measurement:
• Laser applied to ion that couples only to one qubit state
• Photomultiplier tubes to collect emitted photons
• More details or here
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Honeywell and IonQ
• Current performance of trapped ion
technologies
• Single qubit coherence of 1 hour
• High single and double qubit gate
fidelity
• Full connectivity
• IonQ and Honeywell produce
quantum computers using trapped
ion systems of Ytterbium (171Yb+)
ions
• Most recent is 32 qubits (IonQ)
and 10 qubits (Honeywell)
• Extremely impressive quantum
volume
More details, 2, 3

Image credit

Aside: Comparing Quantum Computers
• Comparing the performance of quantum computers today is tricky
• Many different technologies are used to qubits, so computers with the same
number of qubits can have dramatically different performance
• Qubit lifetime
• Gate fidelity
• Gate operation time
• Connectivity
• Paper comparing the performance of different systems
• One metric that has been proposed is the quantum volume (from IBM)
• Represents the maximum size of square quantum circuits
• IBM: quantum volume of 64 (27 qubit)
• Honeywell: quantum volume of 512
• IonQ: quantum volume of 4 million
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Quantum Algorithms
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Quantum Algorithms
It’s HARD to develop a new quantum algorithm

Quantum Zoo
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Quantum Promise
• Certain problems which are difficult classically, are easy on quantum
computers
• e.g. factoring with its superpolynomial speedup
• Can’t efficiently simulate a quantum computer on a classical computer
• Expected to be hard due to complexity arguments
Hard quantumly
Easy quantumly
Easy
classically
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Algorithmic Complexity

P = NP?
Are P and BQP
disjoint?
Does BQP extend
beyond NP?

Reminder: O( f(n)) is the maximum time given input of size n

Image Credit

Why Quantum Algorithms?
• Quantum Promise
• Exponential speedup
• Pattern recognition/Fourier analysis
• Efficient Searches
• Minima finding
• Matrix mathematics: machine learning, linear algebra, etc
• Quantum Challenge
• Decoherence: short lifetimes of qubits
• Noise
• Significant classical resources are often required to interface quantum
computers
• e.g. I/O, error correction
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Examples of Quantum
Algorithms
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Quantum Fourier Transform
• Quantum implementation of the inverse discrete Fourier transform

• | α⟩ = α0 | 0⟩ + α1 | 1⟩ + ⋯ + αn | n⟩ → | β⟩ = β0 | 0⟩ + β1 | 1⟩ + ⋯ + βn | n⟩

• Exponentially faster than the Fast Fourier transform (FFT): O(n2n) → O(n 2)
• Only measure one of the n components
• also known as quantum Fourier sampling
• Generalization of the Hadamard transformation through the addition of
phase
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Quantum Fourier Transform
• Circuit implementation uses the Hadamard (H) and controlled phase (Rm)
gates
•

H=

1
1 0
1 1
and Rm =
2πi
2 (1 −1)
2 (0 e 2m )

1

Image credit

Shor’s Algorithm
• An early quantum algorithm which stimulated significant interest in
quantum algorithms is Shor's algorithm for factorization
• Given an integer N = p × q for primes p and q, determine p and q
• Best classical algorithm has an execution time of
exp(O(logN)1/3)(log log N)2/3, while Shor’s algorithm: O(log N)3)
• Many currently used cryptography algorithms, e.g. RSA public-key, rely on
the factorization of large integers being extremely difficult
• Classically: 768 bit number factorized with hundreds of computers over 2
years: ∼ 1020 operations
• Quantum: 2000 bit number could be factorized by a billion qubit and
3 × 1011 gate quantum computer in just over a day
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Shor’s Algorithm: Implementation
• Shor’s algorithm reduces factorization to a special case of the hidden
subgroup problem (HSP)
• More general solutions to HSP (or for other groups) would imply that other
cryptographical systems would be broken
• Shor's algorithm consists of two parts:
• Reduce the factoring problem to the problem of order-finding (can be
done classically)
• Quantum algorithm to solve the order-finding problem

Image Credit
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Grover’s Search
• Grover's algorithm targets searching for a
specific element within an unsorted database
• Uniform superposition of over all possible
solutions
• Destructively interfere states that are not
solutions (repeat)
• Classical solutions: O(N)
• Grover’s algorithm: O( N)
• Extended into Grover-Long with zero failure
rate

Image courtesty of U.Vazirani

Image Credit

Applications of Grover’s Algorithm
• Grover’s algorithm is very versatile and can also be used as part of more
complicated quantum algorithms
• Examples include
• Finding the minimum of an unsorted list of N integers (quadratic
speedup)
• Determining graph connectivity (O(N 2) → O(N 3/2)
• Pattern matching, i.e. find a pattern P of length M within a text T of
length N (O(N + M) → O( N + M)
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Quantum inspired classical algorithms
• Sample preference matrix, Tij,
for users (i) and products (j)
• Low rank approximation
• Generate suggestions for users
• T(n x m matrix): O(poly(k),
poly (mn)]; Reduced rank k
arXiv: 1603.08675.pdf
Challenge: Prove this is the best
algorithm
Result: A better classical
algorithm

arXiv:807.04271.pdf

Also: Genetic algorithms

26

27

Programming Quantum Computers

Quantum Programming Languages
• The field is still at a very early stage of development
• In some senses, more similar to programming in assembler or for
hardware than in modern programming languages like python or C++
• You need to program the quantum gates for the circuit explicitly
• Essentially every vendor has their own programming language or software
development kit (SDK)
• In many cases the interface is via python
• Some of them are at rather early stages of development, so regular
debugging is required.
• Some examples
• Qiskit (IBM)
• Cirq (Google)
• Ocean SDK (D-Wave)
• Forest SDK, using Quil (Rigetti)
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Simple Examples
cirq

Similar structures
Also, in many cases, simple to get
a small amount of time to run on
quantum hardware
Generally possible to register for
a free account

qiskit
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Quantum Error Correction
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Quantum Error Correction
• Currently available quantum computers are extremely noisy (NISQ)
• High potential for errors to occur during calculations
• Somewhat a Catch22: noise is induced through outside interaction, yet we
need to interact with the quantum computer for input and output
• For classical algorithms, we typically use redundancy to mitigate errors
• Not possible for quantum algorithms due to the “no clone” theorem
• Instead, need to spread the information on a single qubit on to a number
of qubits

Simple example: single bit flip code

Image Credit

More complex: Shor’s correcting code

Corrects for bit flip, phase flip or both, Ref1,
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Error Correction Tutorial

Other Methods for Error Correction
• Error correction for bosonic systems
• cat states [arXiv:9809037, arXiv:1207.0679, arXiv:1207.0679]
• GKP [arXiv:0008040]
• Topological quantum computing
arxiv:9707021

33

34

Quantum Simulation

Quantum Simulation
• One of the original motivating ideas behind quantum computers was to be
able to simulate quantum systems
• Nature isn’t classical . . . and if you want to make a simulation of Nature, you’d
better make it quantum mechanical, Richard Feynman, 1981
• Potentially likely to be one of the earlier applications of quantum computers
• Can imagine quantum simulations for quantum chemistry, superconductivity,
metamaterials and high-energy physics (see tomorrow’s lecture)
• Typically, what we have in mind is calculating the dynamical properties of the
system from the Hamiltonian using the Schrodinger equation
• Can envision using a large digital quantum computer for such simulations,
but could also use an analog quantum computer to use one quantum system
to mimic another

Overview of quantum simulation
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Quantum Simulation Examples
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FIG. 3: Experimental Results. a, Calibration curve for the small-angle XX(✓) gate. b, Bootstrap distribution of the HF+2
energy with mean and 1 uncertainty indicated by the orange diamond b, and experimentally determined energy surfaces for
HF+1 c and HF+2 d. Each data point (orange diamond) represents an average of & 1000 experimental runs, with the blue
SCALABLE
QUANTUM
OF MOLECULAR
PHYS. REV.
X 6, 031007
dash-dotted
lines indicating
in-silico SIMULATION
results. e, Comparison
of ground-stateENERGIES
energy estimates as additional
interactions
are
included in the UCC ansatz state (labeled HF+N , for N significant determinants). The orange diamonds indicate experimental
results, with
The remaining points are from the in-silico
(a)error bars indicating 1 uncertainty from the bootstrap distribution.
(b)
VQE simulation as detailed in Figure 2, and show how the ansatz states converge to the full configuration-interaction ground
state, indicated by the dot-dashed blue line. Chemical accuracy about the numeric results is indicated by the shaded green
region in all figures.

A. Kandala et al., Nature 549, 242 (2017)

ansatz[8]. The main portion of the quantum circuit is an
implementation of a linear combination of eight terms,
each containing a product of four x and y operators
(with odd number of x in each term). By optimizing
the order of these eight operators and taking advantage
of the all-to-all connectivity, we can implement this circuit with 13 CNOT gates (see Fig. 2d). When we concatenate several of these terms, some CNOT gates at the
ends, including those that arise from a JW string, may
cancel out.

arxiv: 1902.10171.pdf

(2016)

PRX 6, 031007 (2016)

ciated with readout from the |1i state. This encoding
has the ancillary benefit of requiring fewer single-qubit
gates to initialize the circuit, but the advantage diminishes as measurement errors are suppressed or become
more symmetric.
Combining these strategies, we achieve the quantum
circuits for preparing the ansatz state with total entangling gate counts shown in Fig. 2b. These methods represent a fully general, scalable, and near-optimal framework that can be applied to simulating any physical systems using VQE with a UCC ansatz.

Hydrogen using VQE

Most ansatz states have both bosonic and non-bosonic
excitation
For these
weand
start
with
FIG.terms.
3. Computed
H2situations,
energy curve
errors.
(a)the
Energy surface of molecular hydrogen as determined by both VQE and PEA. VQE

open question as to whether the VQE can
solve classically intractable instances of the
electronic structure problem, which may require on the order of 100 qubits. As the prob-

mitigation techniques, and outer-loop classical optimization. Together, these features
lead to the successful extension of prior investigations into quantum computational

Diazene isomerization on Sycamore
Stanford Institute for Theoretical Physics, Stanford University,
Stanford, CA, USA. Email: xiao.yuan.ph@gmail.com
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with postselection and applying purification as postprocessing. “+VQE” corresponds to fidelities
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from using all previously mentioned error mitigation techniques in conjunction with variational
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Fig. 3. VQE performance on distinguishing the mechanism of diazene isomerization. Hartree-Fock
curves for diazene isomerization between cis and trans configurations. TS1 and TS2 are the transition states
for the in-plane and out-of-plane rotation of the hydrogen, respectively. The yellow arrows on TS1 and
TS2 indicate the corresponding reaction coordinate. The solid curve is the energy obtained from optimizing a
10-qubit problem generated by freezing the core orbitals generated from two self-consistent field cycles.
The transparent lines of the same color are the full 12-qubit system, indicating that freezing the lowest two
levels does not change the characteristics of the model chemistry. Nine points along the reaction paths
are simulated on Sycamore by using VQE. We allowed the optimizer 30 iterations for all points, except for
fifth and sixth points from the left of the in-plane rotation curve, for which we allowed 60 steps. The
error bars for all points were computed by estimating the covariance between simultaneously measured sets
of 1-RDM elements and resampling those elements under a multivariate Gaussian model. Energies from
each sample were tabulated, and the standard deviation is used as the error bar. No purification was applied
for the computation of the error bar. If purification is applied, the error bars become smaller than the
pffiffiffiffiffiffiffiffiffiffiffiffi
markers. Each basis rotation for diazene contains 50 iSWAP gates and 80 Rz gates.

Classical calculation
The outcomes are fed into a classical computer that trains
the parameters to learn the ground state of the system. The
classical parameters that determine the wave function are fed
back to the quantum computer, and the calculation is rerun.
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Quantum Advantage

Quantum Advantage
• When developing algorithms for quantum computers, the goals tend to focus
on either
• Algorithms with the potential for dramatic speed increases
• Algorithms which cannot be solved on a classical computer
• The latter, is referred to by a term coined by John Preskill (Caltech), defined
as follows
• Quantum supremacy= “the point when quantum computers can do things
that classical computers can’t, regardless of whether those tasks are useful.”
• An alternative term in use, which avoids political connotations is quantum
advantage, so I’ll stick to that here today
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Quantum Advantage
•

In Oct 2019, Google published a paper in Nature claiming they had
achieved quantum advantage by solving a problem in 200s on Sycamore
that would take Summit 10k years
•

The problem: sampling numbers from a pseudo-random quantum circuit
Article

Quantum supremacy using a programmable
superconducting processor
https://doi.org/10.1038/s41586-019-1666-5
Received: 22 July 2019
Accepted: 20 September 2019
Published online: 23 October 2019

Frank Arute1, Kunal Arya1, Ryan Babbush1, Dave Bacon1, Joseph C. Bardin1,2, Rami Barends1,
Rupak Biswas3, Sergio Boixo1, Fernando G. S. L. Brandao1,4, David A. Buell1, Brian Burkett1,
Yu Chen1, Zijun Chen1, Ben Chiaro5, Roberto Collins1, William Courtney1, Andrew Dunsworth1,
Edward Farhi1, Brooks Foxen1,5, Austin Fowler1, Craig Gidney1, Marissa Giustina1, Rob Graff1,
Keith Guerin1, Steve Habegger1, Matthew P. Harrigan1, Michael J. Hartmann1,6, Alan Ho1,
Markus Hoffmann1, Trent Huang1, Travis S. Humble7, Sergei V. Isakov1, Evan Jeffrey1,
Zhang Jiang1, Dvir Kafri1, Kostyantyn Kechedzhi1, Julian Kelly1, Paul V. Klimov1, Sergey Knysh1,
Alexander Korotkov1,8, Fedor Kostritsa1, David Landhuis1, Mike Lindmark1, Erik Lucero1,
Dmitry Lyakh9, Salvatore Mandrà3,10, Jarrod R. McClean1, Matthew McEwen5,
Anthony Megrant1, Xiao Mi1, Kristel Michielsen11,12, Masoud Mohseni1, Josh Mutus1,
Ofer Naaman1, Matthew Neeley1, Charles Neill1, Murphy Yuezhen Niu1, Eric Ostby1,
Andre Petukhov1, John C. Platt1, Chris Quintana1, Eleanor G. Rieffel3, Pedram Roushan1,
Nicholas C. Rubin1, Daniel Sank1, Kevin J. Satzinger1, Vadim Smelyanskiy1, Kevin J. Sung1,13,
Matthew D. Trevithick1, Amit Vainsencher1, Benjamin Villalonga1,14, Theodore White1,
Z. Jamie Yao1, Ping Yeh1, Adam Zalcman1, Hartmut Neven1 & John M. Martinis1,5*

The promise of quantum computers is that certain computational tasks might be
executed exponentially faster on a quantum processor than on a classical processor1. A
fundamental challenge is to build a high-fidelity processor capable of running quantum
algorithms in an exponentially large computational space. Here we report the use of a
processor with programmable superconducting qubits2–7 to create quantum states on
53 qubits, corresponding to a computational state-space of dimension 253 (about 1016).
Measurements from repeated experiments sample the resulting probability
distribution, which we verify using classical simulations. Our Sycamore processor takes
about 200 seconds to sample one instance of a quantum circuit a million times—our
benchmarks currently indicate that the equivalent task for a state-of-the-art classical
supercomputer would take approximately 10,000 years. This dramatic increase in
speed compared to all known classical algorithms is an experimental realization of
quantum supremacy8–14 for this specific computational task, heralding a muchanticipated computing paradigm.

In the early 1980s, Richard Feynman proposed that a quantum computer
would be an effective tool with which to solve problems in physics
and chemistry, given that it is exponentially costly to simulate large
quantum systems with classical computers1. Realizing Feynman’s vision
poses substantial experimental and theoretical challenges. First, can
a quantum system be engineered to perform a computation in a large
enough computational (Hilbert) space and with a low enough error
rate to provide a quantum speedup? Second, can we formulate a prob-

In reaching this milestone, we show that quantum speedup is achievable in a real-world system and is not precluded by any hidden physical
laws. Quantum supremacy also heralds the era of noisy intermediatescale quantum (NISQ) technologies15. The benchmark task we demonstrate has an immediate application in generating certifiable random
numbers (S. Aaronson, manuscript in preparation); other initial uses
for this new computational capability may include optimization16,17,
machine learning18–21, materials science and chemistry22–24. However,

Nature 573, 505-510 (2019)

Quantum Advantage

41

For m=20, it takes 200s to obtain a million samples on the quantum processor
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Response to Google’s Claim
“We argue that an ideal simulation of
the same task can be performed on a
classical system in 2.5 days”

arXiv:2005.06787

IBM blog

In this work, we present a tensor network-based classical simulation algorithm.
Using a Summit-comparable cluster, we estimate that our simulator can perform
this task in less than 20 days. On moderately-sized instances, we reduce the
runtime from years to minutes, running several times faster than Sycamore itself.
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Responses to Google’s Claim
arXiv:2103.03074

Using our method, employing a small
computational cluster containing 60
graphical processing units (GPUs),
we have generated one million
correlated bitstrings with some entries
fixed, from the Sycamore circuit with 53
qubits and 20 cycles, with linear crossentropy benchmark (XEB) fidelity equals
0.739, which is much higher than those in
Google’s quantum supremacy experiments.

Aaronson, nytimes

Quantum Advantage using Boson Sampling
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• In December 2020, a team from USTC
claimed that they had obtained quantum
advantage using boson sampling
• The problem: calculate the probability
distribution of a system of many bosons
(photons)
• Classically, the solution time increases
exponentially (#P-hard)
• Simulate the process directly by allowing
photons to interfere and sampling the
distribution
• Information encoded in positions and
polarization
• 200 seconds vs 2.5 billion years
• Clear quantum advantage; however, the
computer can only solve one problem

Image: University of Science and Technology of China

RES EARCH

QUANTUM COMPUTING

Quantum computational advantage using photons
Han-Sen Zhong1,2*, Hui Wang1,2*, Yu-Hao Deng1,2*, Ming-Cheng Chen1,2*, Li-Chao Peng1,2,
Yi-Han Luo1,2, Jian Qin1,2, Dian Wu1,2, Xing Ding1,2, Yi Hu1,2, Peng Hu3, Xiao-Yan Yang3, Wei-Jun Zhang3,
Hao Li3, Yuxuan Li4, Xiao Jiang1,2, Lin Gan4, Guangwen Yang4, Lixing You3, Zhen Wang3, Li Li1,2,
Nai-Le Liu1,2, Chao-Yang Lu1,2†, Jian-Wei Pan1,2†
Quantum computers promise to perform certain tasks that are believed to be intractable to classical
computers. Boson sampling is such a task and is considered a strong candidate to demonstrate
the quantum computational advantage. We performed Gaussian boson sampling by sending 50
indistinguishable single-mode squeezed states into a 100-mode ultralow-loss interferometer with full
connectivity and random matrix—the whole optical setup is phase-locked—and sampling the output
using 100 high-efficiency single-photon detectors. The obtained samples were validated against plausible
hypotheses exploiting thermal states, distinguishable photons, and uniform distribution. The photonic
quantum computer, Jiuzhang, generates up to 76 output photon clicks, which yields an output statespace dimension of 1030 and a sampling rate that is faster than using the state-of-the-art simulation
strategy and supercomputers by a factor of ~1014.

he extended Church-Turing thesis is a foundational tenet in computer science, which
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Conclusion
• Developing quantum algorithms is very challenging
• Only a handful of algorithms exist, still all listed on a single webpage
• Introduction to some of the most important algorithms
• Quantum Fourier transform
• Shor’s factoring algorithm
• Grover’s and Grover-Long search algorithms
• Also covered a promising (likely early) use case for quantum computers
• Quantum simulation
• Quantum advantage has long been a target for quantum computation
• Can be argued that it was achieved in 2019/2020
• Finally, a few slides about programming languages and SDKs for quantum
computers and quantum error correction
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